Abstract-Survival rates for infants with congenital heart disease (CHD) are improving, resulting in a growing population of adults with CHD. However, the analysis of left and right ventricular function is very time-consuming owing to the variety of congenital morphologies. Efficient customization of patient geometry and function depends on high quality shape templates specifically designed for the application. In this paper, we combine a method for creating finite element shape templates with an interactive template customization to patient MRI examinations. This enables different templates to be chosen depending on patient morphology. To demonstrate this pipeline, a new biventricular template with 162 elements was created and tested in place of an existing 82-element template. The method was able to provide fast interactive biventricular analysis with 0.31 sec per edit response time. The new template was customized to 13 CHD patients with similar biventricular topology, showing improved performance over the previous template and good agreement with clinical indices.
I. INTRODUCTION
Approximately 75 in 1000 infants are born with congenital heart disease (CHD) each year [1] . Those with severe disease are living longer due to better interventions in early life, resulting in a growing population of adult CHD patients [2] . Patients with CHD require regular imaging in order to monitor their cardiac function. Many of these lesions have an impact on the right ventricle [3] .
Magnetic resonance imaging (MRI) with manual contouring is considered the gold standard for assessing cardiac function, and has been increasingly referred for pediatric patients with CHD particularly when clinical or echocardiographic examination is insufficient for decision making on a surgical treatment [4] . MRI does not use ionizing radiation, has good resolution and is non-invasive. Manual analysis of both the left (LV) and right ventricle (RV), to obtain the mass and volumes, is however still time-consuming [5] . While some semi-automated [6] methods are available for biventricular segmentation, these are typically not suitable for assessing patients with CHD, due to the large variation in pathology. Specific segmentation algorithms have been developed for RV segmentation, however most previous methods ignore the position and motion of the valves [7] which are a major source of error in mass and volume. Previously, biventricular modeling methods have been developed that use subdivision surfaces [8] and 4D spatio-temporal models [9] . Lamata et al. [10] proposed a customization method for biventricular modelling; however, it did not include any valves and only produced a model for one timepoint in the cardiac cycle.
We developed a method for interactive customization of biventricular geometry and function in CHD [11] . Briefly, the method deforms a finite element model template to fit the MR images of patients with CHD throughout the entire cardiac cycle. Polar prediction and D-Affine regularization were shown to improve the customization process. D-Affine regularization minimizes variation in deformation of the template during the customization process, and is invariant to affine transformations. However, there are a wide variety of congenital heart disease manifestations (Fig. 1) . In many cases significant morphological changes are required in order to accurately assess shape and function, due to the variety of right and left ventricle shapes. It would be advantageous to have multiple templates that represent different pathologies. These should be able to model a variety of lesions including single ventricle pathologies. Consequently, the mesh topology and number of elements could vary from case to case. The trade-off for this complexity would be faster analysis time and more accurate customization to a wide variety of pathologies. The current template was developed from a porcine model, and contains collapsed and hanging nodes [12] . The template was time consuming to create and it would not be feasible to create multiple templates using this methodology. Recently, Gonzales et al. [13] presented a flexible method to define a finite element model (FEM) topology using extraordinary nodes. This method can quickly create an arbitrary topology using a combination of image analysis and computer graphics. In this paper, we extended the interactive biventricular guide-point modeling method presented in [11] to enable templates created using [13] of arbitrary topology to be inputed and customized using rapid D-Affine shape customization. We demonstrate this pipeline using a biventricular template created from CT, showing improved performance during customization to dynamic MRI data, and assess resulting clinical indices in 13 CHD patients against traditional manual contouring methods.
II. METHODS

A. Template
The method presented in [13] was used to create a biventricular finite element template of arbitrary topology. Briefly, a bilinear mesh topology was interactively defined using Blender (www.blender.org) by placing nodes on the epicardial and endocardial surfaces of a segmented 3D image dataset ( Fig. 2 top row). The bilinear topology was then subdivided using a Li-Kobbelt subdivision scheme [14] , in order to provide an approximately C 1 surface. The subdivided points ( Fig. 2 bottom row) were used to generate a tricubic Hermite finite element mesh [13] .
B. General Linear Map
We adopted the general linear map proposed by Nielsen [15] to describe finite element models of arbitrary topology and continuity. Global mesh parameters were defined as those mesh degrees of freedom which are directly modifiable by the patient specific customization process. Eight global parameters were chosen per node, defining the node position and derivatives with respect to element coordinates (s 1 , s 2 , s 3 ) for one of the elements adjoining the node. Given an adjoining element with element coordinates (t 1 , t 2 , t 3 ), a mapping between element coordinates could be defined as
where J is the Jacobian matrix ∂ti ∂sj . Derivatives with respect to t could then be calculated as:
The cross derivatives can be calculated in a similar fashion. Derivative continuity between elements could then be maintained by these linear constraints between global (with respect to s) parameters and local (with respect to t) parameters adjoining each node. Local parameters (p) were then defined to be a linear combination of global parameters (P):
where G is a sparse M × N matrix for M local and N global parameters. Swapping templates then simply involves reading another general linear map, which may have different dimensions.
C. Parameter Reduction and Customization
Since non-linear transmural deformation was not required for our application, we reduced the interpolation in the transmural direction from cubic to linear. Also, for our application, it was desirable to have all shape parameters in the same units. We therefore converted the Hermite parameters to Bézier parameters using the standard linear mapping [16] . This produced a bicubic Bézier template, which was customized to particular patient images using DAffine warping with polar prediction [11] .
Briefly, the guide-point modeling method, described in Gilbert et al. [11] involves the template being customized by warping the geometry to fit the location of guide points interactively placed by the user on cine MR image datasets. Points were first placed on the valve annuli and the left ventricular apex in the long axis images, followed by additional points placed on the inner (endocardial) and outer (epicardial) surfaces of the heart as necessary. Each edited model contour, as well as all valve and apex points, were automatically tracked through the cardiac cycle using non-rigid registration [17] and the resulting tracked contour points were included in the model fit at each frame. At each iteration, a prolate spheroidal geometry was fitted to the epicardium and LV endocardial surface, followed by a biventricular Cartesian model fit to the polar surfaces with a high regularization parameter. Userdefined guide points and tracked contour points were then projected onto the closest biventricular model point and the fit updated using a low regularization parameter. After each interaction, tracked contour points were regenerated for all frames. The regularization term penalized the deviation of the warp from affine deformations.
III. RESULTS
A CT 3D dataset (General Electric 64-slice Lightspeed CT Scanner, 0.5 × 0.5 × 0.625 mm voxel size, retrospective gating) was obtained from a patient with atrial fibrillation, with local IRB approval and written informed consent. This dataset was chosen to be approximately normal that could be fitted to a wide range of shapes. A bilinear topology was defined interactively using Blender [13] . This topology, shown in fig. 2 (top row), had 162 elements and 338 nodes, of which 24 were extraordinary (i.e. valence 5 or 3). Each element was subdivided twice using the Li-Kobbelt scheme, and the resulting points were used to define a tricubic Hermite model. This mesh was exported from Blender as a list of 64 tricubic Hermite parameters per hexahedral element, resulting in M = 64×162 = 10368 element (local) parameters per x,y,z coordinate [13] . Each node was assigned 8 global parameters giving N=2704 global parameters in total. After conversion to bicubic Bézier basis functions with linear transmural interpolation, the resulting template had 1352 global parameters. The MRI images used for this study were acquired using short and long axis retrospectively gated SSFP MRI cine images (Siemens 1.5T scanner, 30ms repetition time, 1.6ms echo time, 60
• flip angle, 360 × 360mm field of view, 6mm slice thickness, 256 × 208 image matrix. Ethical approval was granted from the institutional ethics committee, with written informed consent from all patients.
A. Screen Updating and Solver
The template was customized to MR images of a patient with surgically corrected dextro-transposition of the great arteries ( fig. 3 ). The same case was assessed using both the original 82-element model and the new 162-element model on a Dell OptiPlex 990 with an Intel(R) Core i5 3.30GHz with 4GB of RAM and running Windows 7.
The preconditioned conjugate gradient method (PCG), with multi-threading, was tested with two tolerance levels: 1 × 10 −9 with a maximum of 200 iterations and 1 × 10
with a maximum of 100 iterations. Table 1 shows the results (some cases did not fully converge for the 82-element model, leading to a higher residual than the tolerance on average). The method is interactive, therefore the updating must be almost real-time. The time taken for the model to incorporate a change into the data structures and update the contour on the screen (known as drag time) was collected. The drag times were 0.31s and 0.19s for the new and original model respectively. The new template showed faster convergence than the 82-element model, possibly because the latter employed collapsed element edges at the apex, whereas the former used extraordinary nodes to avoid collapsing elements.
B. Clinical Outcomes
The new template was then fitted to 13 patients with CHD where gold standard manual contours were available. The manual contours were drawn using Argus (Syngo MR 2004V, Siemens Medical Solutions, Erlangen, Germany). The new template took between 1200 and 2520 seconds (average 1779.6 seconds) to fit each case, compared with 1966.8 seconds with the previous template [11] . The enddiastolic volume (EDV), end-systolic volume (ESV), mass and ejection fraction (EF) of both ventricles were recorded. Fig. 3 . Customization of the new template to a patient with surgically corrected dextro-transposition of the great arteries using guide point modeling. The image on the left is a 2D contour customization and the image on the right is the customized model in 3D. The red arrow on the 2D contour shows in plane shifting to account for breath hold mis-registration. The mitral valve is labeled by M, the aortic valve by A, and the pulmonary by P on the 3D image. Fig. 4 shows a comparison of the clinical measures of heart function between the biventricular modeler and manual contours. Table 2 shows the average value and differences and standard deviation of differences.
IV. DISCUSSION AND CONCLUSIONS
We have presented a novel pipeline for evaluating spatiotemporal biventricular function, resulting in a flexible tool for modeling the complex pathologies seen in patients with CHD.
While analysis of mass and volumes is important in a clinical setting, well-designed anatomical modeling techniques can also provide valuable shape information and be suitable for simulating physiological functions such as electrophysiology and biomechanics. The rapid biventricular modeler can be ported directly into finite element solvers, such as Continuity (fig. 5) . The pipeline to create customizable templates was automated, so that new templates can be created and customized as required.
The new template produced good correlation of mass and volume. The bias between the biventricular tool and manual analysis is due to differences in identification of ventricular blood and mass below the four valves, which is a known source of error in contouring short axis slices [5] . The model uses 3D locations of the valves and is expected to be more accurate. The precision (variance of differences) were clinically acceptable compared with the enlarged volumes seen in these patients. Although the new template has more than twice the number parameters of the original model, the preconditioned conjugate gradient method was able to solve with significantly fewer iterations, resulting in a smaller increase in the drag time than expected (Table 1) . Further work is necessary to determine what tolerance is required for clinical use. At present, 1 × 10 −4 is used for interactive dragging, and 1 × 10 −9 is used for the final update.
The analysis time suggests that while this template was easily customised to some cases, it would be advantageous to create several templates, with a range of shapes and allow the user to pick the one that is closest to the anatomy that is being analysed. This would reduce the amount of customisation required and therefore total time required for analysis. 
